Modeling and predicting age differences in driver mental workload and performance may help the invehicle system design to reduce or prevent information overloading on older drivers. However, few computational models exist that account for age differences in mental workload. We propose a new computational modeling approach to model workload and performance-a queuing network approach based on queuing network theory of human performance (Liu, 1996 (Liu, , 1997 and neuroscience discoveries. This modeling approach is composed of a simulation model of a queuing network architecture and a set of mathematical equations implemented in the simulation model to quantify the age differences. The model successfully accounts for the age differences in mental workload and performance between young and older drivers in an experimental study in driving. Further usage and implementation of this model in designing adaptive in-vehicle systems to assist older drivers are discussed.
INTRODUCTION
It is reported that older driver's crash rates were higher than young drivers (McKelvey & Stamatiadis, 1989) . On the one hand, older drivers' information processing efficiency decreases with an increase in age (Hing, et al., 2003) ; on the other hand, the expanding usage of in-vehicle systems increases the chance that older drivers perform dual tasks in driving, increasing their mental workload which in turn may lead to higher accident rate (Pohlmann & Traenkle, 1994) . Theoretically, modeling age differences in both mental workload and performance is important to the understanding of driver behavior in aging, considering the potential dissociation between workload and performance (Vidulich & Wickens, 1986) . In practice, modeling and predicting age differences in driver workload and performance is very useful in designing in-vehicle systems to prevent drivers (especially older drivers) from being overloaded with information (Piechulla, et al. 2003) .
Several computational models have been developed to model mental workload in driving (see Table 1 ). Vadeby (2004) used probability models to predict vehicle collisions and considered age differences as a factor in the model. However, none of the models modeled age differences in driver mental workload and performance at the same time.
In this paper, we describe how to model age differences in driver subjective mental workload and performance using a new computational modeling approach-a queuing network modeling approach. It includes a simulation model of a queuing network architecture and a set of mathematical equations implemented in the simulation model to quantify the age differences in mental workload and human performance. This modeling approach is validated with the results in an experimental study on age differences in driver workload and performance.
QUEUING NETWORK MODELING OF HUMAN PERFORMANCE
In modeling human performance, computational models based on queuing networks have successfully integrated a large number of mathematical models in response time (Liu, 1996) and in multitask performance (Liu, 1997) as special cases of queuing networks. The queuing network-model human processor (QN-MHP) is a simulation model based on queuing network theory and it regards the human cognition system as a queuing network: first, brain regions with similar functions can be regarded as servers and neural pathways connecting them are treated as routes in the queuing network (see Figure 1) (Bear, et al., 2001) ; second, the to-be-processed information processed in the brain are represented by entities in the network (Rieke, et al., 1997) . QN-MHP has been successfully used to generate human behavior in real time, including simple and choice reaction time (Feyen, 2002) , transcription typing (Wu & Liu, 2004a) , psychological refractory period (Wu & Liu, 2004b) , and driver performance (Liu, Feyen & Tsimhoni, in press ). (Salvucci, et al., 2001) No Dual Visual/Cog-nitive/Motor Yes Control Theory (Horiuchi et al., 2000) No Single Mental and physical Yes Neural Network (Lin, et al., 2005) No Single Mental only Yes Semiotics model (Goodrich et al., 1998 Liu et al. (in press ) have successfully modeled dual-task driving performance (steering and reading a map concurrently) with QN-MHP. Multitask performance emerges as the behavior of multiple streams of information flowing through a network without the need to interleave production rules or interactively control task processes. The following section focuses on how to model age differences in mental workload and performance in driving.
MODELING AGE DIFFERENCES IN MENTAL WORKLOAD AND PERFORMANCE
It was found that the major difference in information processing between the older and young adults is a generalized slowing in information processing speed for older adults (Bunce & Macready, 2005; Hing, et al. 2003; Mcdowd, et al., 1991) ; therefore, considering age differences, the information processing speed at server j (μ j ) in the network is:
where A is a factor of aging (A ≥ 1): with an increase of age, value of A becomes greater; μ 0,j is the original processing speed of server j for young adults in QN-MHP (Liu, et al, in press ). Moreover, in a queuing network, utilization of a certain subnetwork i (ρ i ) (the fraction of time the subnetwork i is processing entities in a defined time period) is in inverse proportion to its processing speed (see Equation 2, Gross, 1998) .
where the denominator represents the processing speed of subnetwork i and it is a function of the processing speeds of all the servers in this subnetwork as variables; k is a constant in the network related to properties of the task (k>0). Since subjective mental workload reflects the perception of information processing throughout each trial in a task, the average utilization of subnetwork ( ρ )-the average utilization of subnetwork i in total task time of each trial (T)-is regarded as a natural index of subjective mental workload in the model (see Equation 3 ). In terms of the physiological mechanism of mental workload, it is also reasonable to use the utilization as the index of mental workload: increasing utilizations of certain brain regions causes the consumption of more neurotransmitters (e.g., amino acids) in synaptic transmissions, which in turn increases mental fatigue (Blomstrand, 2001) . 
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where parameter a and b are constants representing the direct proportion relation between the averaged utilizations and subjective responses (a>0). Equations 1, 4, 5 and 6 are implemented in the simulation model to generate subjective responses in the six scales of NASA-NLX. Mathematically, we can derive that the expected subjective mental workload of older drivers is equal to or greater than young drivers from equations above. Combining Equations 1-6 above: 
Similarly, the age differences in driving performance can also be quantified. In queuing network theory, the performance of a network (HP) is in direct proportion to its servers' processing speeds (see Equation 11, Gross, 1988) .
where Ω is a function including all of the servers' processing time as variables. Since A ≥ 1, the expected performance of older drivers is equal to or lower than young drivers (See Liu et al., in press, describing how QN-MHP is able to simulate driver performance). Feyen and Liu (1998) conducted an experimental study in which drivers of two age groups performed a dual task of vehicle steering and button-pressing in a simulator (see Figure  2) . In the primary vehicle steering task, subjects were asked to keep the vehicle in control and maintain the speed and lane position. In the secondary button-pressing task, subjects were instructed to press one of the buttons on a panel mounted on the right side of the steering wheel when they saw a command presented on the display. Figure 2 . Subject responded to a command prompt during driving (Feyen & Liu, 1998) The independent variables were: 1) the age group of the subjects (young drivers, 17-30 years old; older drivers, 61-75 years old); 2) the number of buttons on the panel with 3 difficulty levels (2, 4, or 6 buttons). The dependent variables included: 1) the lane position deviation difference from the baseline (LPDDB) and it was calculated by subtracting a baseline lane position standard deviation from the lane position standard deviation during the task time segment (a negative value indicated a more stable lane positioning while a positive value indicated a less stable lane positioning); 2) reaction time of the button-pressing task; 3) subjective ratings on the 6 scales of NASA-TLX after each trial. Since overall mental workload calculated by weighting the scales does not appear to add to the sensitivity of the NASA-TLX (Johnson & Proctor, 2004) , the overall mental workload was not collected in this experimental study.
AN EXPERIMENT ON AGE DIFFERENCES IN DRIVER WORKLOAD AND PERFORMANCE

SIMULATION RESULTS AND VALIDATION
By implementing Equations 1, 4, 5 and 6 described in the previous section in the simulation model, the simulation results are obtained and then compared with the experimental results (see Appendix for the method in setting parameters in these equations). Figure 3 shows the comparison between the simulation results and experimental results in each of the scales of NASA-TLX. Specifically, Table 2 summarizes the R square and RMS of the model in each scale. 
DISCUSSION
We described a queuing network modeling approach for modeling and quantifying age differences in workload and performance. It not only modeled the age differences in subjective mental workload measured by the six scales in the NASA-TLX, but also simulated the age differences in driving performance. None of the existing computational models have simulated age differences in both human performance and mental workload.
The current modeling work models age differences by simply considering an aging factor in servers' processing times, and it is consistent with findings in several empirical studies on age differences. For example, Salthouse (1982 Salthouse ( , 1985 suggested that age differences are simply a function of a generalized slowing of information processing in older adults.
In practice, this modeling approach is very helpful for user interface designers of in-vehicle systems for older drivers since the model is able to identify and visualize where the workload is allocated in the psychological system. For example, if the predicted visual perceptual workload is high in certain circumstances, designers can design the interface to present auditory information to lower older drivers' visual perceptual workload.
We are extending the current modeling approach to other related mental workload research topics including modeling physiological measurements of mental workload. Overall, our current work shows the value of the queuing network modeling approach in modeling age differences in mental workload and performance in driving.
APPENDIX
In simulating subjective mental workload, the values of parameters a and b in Equations 4-6 are estimated based on the parameter setting method in a classic cognitive modeling work (Byrne & Anderson, 2001 )-a and b are estimated only for the physical demand scale, and then the same value is used to estimate subjective responses on the other 5 scales. Therefore, no free parameter is used in estimating the subjective responses in all the other 5 scales for young and older drivers (Free parameter refers to parameters whose value is adjusted by researchers so that the modeling results fit the experimental results). Moreover, based on the method in calculating R square, the high R square values indicate that without using parameter a and b in Equations 4-6, the average subnetwork utilizations in Equations 4-6 are able to predict the variance of subjective mental workload accurately.
In addition, no free parameter is used in predicting human performance. The aging factor, A, is set according to a review of Proctor et al. (2005) (A=1.26 for 61-75 years older drivers; A=1 for 17-30 years older drivers).
